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Geostrophic Response of the Yellow Sea to Cyclone Passage
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Department of Oceanography, Seoul National University, Seoul 151-742, Korea

A barotropic non-linear numerical model is used to study the response of the Yellow Sea to winter cyclone
passage. Cyclones normally come from the outside of the western boundary, China, and pass the region
eastward. The cyclone parameters used for the present study are the following: the intensity, ie., the
maximum wind speed of the cyclone; the effective radius corresponding to this maximum; and the translation
speed. The equations of motion are integrated over the depth which is supposed to be a constant. The
Gaussian function is used to define the stream function of the wind.

The following results have been found. A northward current is generated by the frontal part of the cyclone
near the western boundary. After the cyclone leaves the sea area, a southward current is generated by the rear
part of the cyclone. After that, a northward current is generated once again due to the westward propagating
Rossby waves. The response of the sea to the cyclone passage is strongly influenced by a steady current
when the steady current and the current due to the cyclone wind are of the same order. The steady current
diminishes the sea response and reduces the speed of the southward current, and enhances the northward
current speed. The intensity and the translation speed of a cyclone also influence the flow pattern significantly.

INTRODUCTION

Extra-tropical winter storms (or just cyclones for
simplicity) are typical phenomena in the Yellow Sea.
These cyclones are large atmospheric low pressure
disturbances which strongly influence the current
field of the region. The northwesterly mean wind is
a common background here for the winter period. A
steady current caused by the northwesterly wind and
a cyclone generated current are of the same order.
This particular feature defines the difference of this
case from the case of a typhoon passage: typhoon
generated currents normally are much stronger than
the steady current. There are only a few works
devoted specifically to cyclone passages in the
Yellow Sea area (Hsueh et al., 1986; Oh and Kim,
1990). More attention has been paid to typhoon
passages rather than to cyclones. Probably this is the
reason why the boundary current behaviour near the
western boundary of the Yellow Sea in winter time
is still unclear. Usually cyclones come from the
west and pass the area eastward. They are quite
variable in their tracks, translation speed, and intensity.
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So, it is not easy to simulate all the corresponding
effects. High pressure (anticyclones) which also influe-
nces the character of circulation in the Yellow Sea is
out of interest of the present study. We would like to
estimate the importance of the following factors: i) the
cyclone intensity, ii) the influence of a steady current,
and iii) the cyclone track.

We use the non-linear vertically integrated two-
dimensional numerical model (Subbotina, 1990; Iva-
nov et al., 1994). This model has been successfully
applied, in particular, to examining the influence of
non-steady wind on the generation of ring-type eddies
in the Gulf Stream region. The specific feature of the
model is that it takes two components of wind stress
into account: steady component which forces the
steady current in the sea and non-steady component
caused by the cyclone passage, which generates time-
varying currents. The latter could be described by the
Gaussian function.

MODEL DESCRIPTION

The model is based on non-linear equations of
motion, integrated over the depth. The water depth
H is supposed to be a constant. Here, P is the
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(u, v) are the horizontal components of the velocity
with u in eastward (x) and v in northward (y) direc-
tion, f is the Coriolis parameter, f = f; + By, f, = 2Q
sin ¢y, B=(2/a) cos ¢, Q velocity of the earth
rotation, ¢, latitude for the B-plain approximation and
a the radius of the earth. The bottom friction is
linearly dependent on velocity with the coefficient K,
which is taken as a constant. The the wind stress (7',
7) is assumed to be a mass force. The equation (3) is
the horizontally non-divergent continuity equation.
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We take rigid-lid approximation here. After intro-
ducing the stream function:

__9vy _9v 4
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and non-dimensionalizing the equations (1)-(3) (Ver-
onis, 1966), we will get the vorticity and Poisson eg-
uations:
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where Jakobian J(V‘C):aa‘xwg_g_%y—w%%; and

is the non-linear para-

mode] parameters: R =

ﬂa 3
meter and s:éi—is the bottom friction parameter.

Here, W, is wind stress magnitude, and L is the
horizontal length scale. We use the following values
of the physical parameters:

0y=35", Q=0.73x10"s",
a=64x10° cm, B=198x10" cm’ s,
H=4x10 cm, L.=126x10°cm,  (7)
L,=2x10°cm, L=10°cm,

Wo=1cem's?, K=04x10"s"

The sea is supposed to be a quasi-closed domain.
The free-slip boundary condition is applied at the
coast along the boundaries

y=0. , ®)

Numerical integration is executed for the equations
(5) and (6) with the boundary conditions (8) for the
grid with the space interval 20 km (x) and 25 km (y),
and time step 12 hours. We use the central difference
scheme for numerical computations providing the
second order of accuracy (Roach, 1976). The wind
stress could be presented as it was mentioned above
as a sum of steady component and cyclone compo-
nent. The steady component, which is constant in
time, generates a steady current system.

The cyclone stream function is presented by the
Gaussian function:

¢=Ber"°, ©)

Ut + (7 -y - Vat), and (xo, Yo)
are the coordinates of the cyclone center at the initial
moment t =%, (U, V,) are the components of the
cyclone translation velocity. The cyclone parameters
remain constant. The effective radius corresponds to
one half of the cyclone radius. The tangential com-
ponent of the wind velocity is:

2
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From the expressions for the maximum wind speed

in the cyclone
_(90)| _(2¢ 0 _g
| U Imax_ (ar ] r=r‘_ (E)r ]max and arz
an

We can determine the radius of the maximum wind
r; and the coefficient B using (9), (10) and (11).
They are r,=6/V2, B=0|U |,.Ve/2, and then

the cyclone stream function becomes

8=0|U | o[£ €7 (12

Assume that the wind stress is a linear function of

the cyclone speed:
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T=CU’ Wmax=C IUlmax

where the friction coefficient C = 10" cm/s. Then,
the wind stress can be expressed by using W,

T=-20W 1y L\/ g— e/,

We use the following expression for the wind stress

Wmax _£4_ 1- i P
Wy, | o lou

Cyclones come from the outside of the western
boundary, China, and propagate eastward. That
means that there is only the zonal component of the
translation velocity and we use the term ‘translation
speed in the following text. We take two effective
radii (1000 km and 1500 km) here, with different
strength, initial conditions and cyclone tracks (Table
1). The magnitudes of the effective radii are the
typical scales of winter cyclone of the study area.

13)

curl:

(14)

rot, T=

NUMERICAL EXPERIMENTS

Several numerical experiments have been provided
to study the peculiarities of the currents in the Yellow
Sea during cyclones passages. We run the model with
a steady wind until the sea gets a steady current field,
then run the model continuously with a translating
cyclone. For each experiment, effective cyclone rad-
ius, zonal tramslation speed, cyclone tract, and wind
speed applied are listed in Table 1.

Experiment 1: No steady wind case

The cyclone moves along the central latitude of
the domain. We use zero current velocities as initial
conditions. In the further text the term ‘cyclone
means ‘the center of the cyclone’.

Before the center comes to the region, the clock-
wise circulation is prevailed (Fig. 1a), and a north-
ward western boundary current of about 4 cm/s is
formed. This is because the cyclone starts influen-
cing the current field even before the cyclone
entered the sea. After the cyclone leaves the domain,
the counterclockwise circulation becomes dominant
(Fig. 1b, ¢): the southward current near the western
boundary amplifies from 17 cm/s to 62 cm/s. Such
a southward current retains for 6 days. On the fifth
day a new clockwise circulation forms nearby the
east side of the area (Fig. 1d) and pushes the cyclonic
circulation towards the western boundary (Fig. 1e, f).
Current speed diminishes and the circulation gra-
dually weakens (Fig. 1g, h). During the current evolu-
tion we can see the westward moving waves with the
phase speed 60 cm/s (Fig. 1d, e, f), in good agree-
ment with the phase speed of the second mode of
Rossby waves in a closed basin, which satisfy the
following dispersion relation (Krauss, 1973).

B

w= bl
2\ GER+ P

nandm=1,2,3, -

mode number

(15)

where o is the wave frequency and the corresponding

‘wave number k=p/2m. The speed for each mode is

Table 1. Cyclone and steady wind parameters used in the numerical experiments. (N: experiment number, G: effective
cyclone radius, U ,: zonal translation speed, Y,: zonal cyclone track, U,,,: maximum wind speed in the cy-

clone, U: speed of steady wind)

N Cyclone Steady wind
o(km) U «(m/s) Y, U pax(m0/s) U(m/s) Wind Direction

1 1500 6 05 L, 40 - -
2 1500 6 05 L, 40 10 NwW
3 1500 6 05 L, 60 10 Nw
4 1500 6 05 L, 60 5 Nw
5 1500 6 0.5 40 10 SE
6 1500 6 0.01L, 40 - -
7 1500 6 09 L, 40 - -~
8 1500 6 02 L, 40 - -
9 1000 7.6 09 L, 20 20 NwW
10 1000 3.6 09 L, 20 10 NwW
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Fig. 1. Streamlines in Experiment 1: ¢=1500km, U ,=6 m/s, maximum wind speed U,..=40m/s, no steady wind.
The time is counted from the start of calculations. The cyclone track is in the middle of the domain, 0.5 L,. The
arrival time of the cyclone is the 59th day. (a:60th day; b:62nd day; c:65th day; d:67th day; e:68th day; f:69th

day; g:70th day; h:72nd day).

listed in Table 2.

A weak northward current arises with the maxi-
mum current speed of 10 cm/s. Thus, the current near
the western boundary varies in time forming at first
northward current, then a southward current, and then
once again a northward current. The first formation of
the northward current is induced by the frontal part of
the cyclone, and then the southward current is formed

by the rear side of the cyclone. The next northward
current generation is induced by Roésby waves.

The averaged kinetic energy distribution is shown
in Fig. 2. When the cyclone comes, the kinetic energy
increases and vice versa.

Experiment 2: 10 cm/s steady wind case
The initial condition here is the presence of a
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Table 2. Parameters of Rossby waves; @ is the wave frequency, & is the wave number, C; is phase speed, R, is Rossby radius.

mode

- ®x10° kx10® Cy(em/s) Ry(km)
n m
1 1 3.26 3.04 107 1000
2 1 1.82 5.44 33 577
1 2 244 4.06 60 774
2 2 1.63 6.07 27 518
3 1 1.24 7.98 16 394
steady current caused by the northwesterly wind of 30
10 m/s, which is typical for winter time (Park, 1986; 25

Yanagi and Takahashi, 1993) (Fig. 3a).

In general, the current field variation in time is
similar to that in the Experiment 1: northward cur-
rent, then southward current, then once again weak
northward current are formed near the western boun-
dary. However, the northward current is stronger
than in the Experiment 1, with maximum current
speed up to 20 cm/s (Fig. 3b, c). After the cyclone
leaves the region, the counterclockwise circulation
increases significantly (Fig. 3d, e, and f), the current
speed amplifies from 14 cm/s to 47 cm/s. The flow,
however, is a little weaker than in the Experiment 1
and retains for shorter time (about 4 days). After-
wards, the clockwise circulation dominates in the
domain and because of westward propagating Ros-
sby waves a new northward flow of 25 cm/s app-
ears (Fig. 3g). So we can see a similar current
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Fig. 2. Averaged kinetic energy in Experiment 1: o=
1500 km, U, =6 m/s, maximum wind speed U,,,
=40 m/s, no steady wind.

pattern (northward/southward/northward) as a result
of the cyclone passage.

The averaged kinetic energy distribution differs from
that observed in the Experiment 1. (Fig. 4). Comparing
the energy distribution with that one observed for the
sea level variations during the cyclone passage (Oh and
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Fig. 3. Streamlines in Experiment 2: ¢=1500 km, U, =6 m/s, maximum wind speed, Uy, =40 m/s, steady northwest
wind of 10 m/s. The time is counted from the start of calculations. The cyclone track is in the middle of the
domain, 0.5L,. The arrival time of the cyclone is the 59th day. (a:60th day; b:62nd day; c:63rd day; d:65th day;

e:66th day; £:67th day; g:69th day).

Kim, 1990), we see that the troughs and crests of sea
levels are similar to the current variations near the
western border of the present study. The steady current
determines several maxima appearing in the energy
fluctuations during the cyclone passage.

Experiment 3: High cyclone intensity case
The steady circulation of this experiment 3 is the

same as it was in the Experiment 2. Due to the
increase of the cyclone intensity with the maximum
wind speed of 60 cm/s, the duration of the sou-
thward current increases up to 5 days from 4 days in
the Experiment 2. The current speed here increases
also from 25 cm/s to 75 cm/s. Thus, we see the
essential influence of the cyclone intensity on the
western current speed and duration. So the more
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Fig. 4. Averaged kinetic energy in Experiment 2: ¢ =1500
km, U, =6 m/s, maximum wind speed U, =40 m/s,
steady northwesterly wind 10 m/s as a steady state.

intensive the cyclone is, the stronger the sou-
thward current is. The kinetic energy varies the
same way as in the Experiment 1.

The main purpose of the Experiments 4 and 5
was to study how the steady circulation due to ste-
ady winds influences the response of the currents to
the cyclone passage.

Experiment 4: Weak steady wind case

We consider a weak northwesterly steady wind
with a speed of 5 cm/s. This wind induces a clock-
wise circulation in the sea, and a southward steady
current near the western boundary is formed. The
general pattern of the flow field is very similar to

those observed in the Experiments 2 and 3, so we
do not show it here.

When a strong cyclone with the maximum wind
speed of 60 cm/s approaches, the northward current
of 20 cm/s near the western boundary are formed.
This is somewhat smaller speed than 30 cm/s in the
Experiment 3. On the other hand, the southward
current at the lee side of the cyclone becomes a
maximum value 90 cm/s in this experiment which
was 75 cm/s in the Experiment 3. The second
northward current afterwards induced by Rossby
waves is of the same order as the initial one, i.e.
about 30 cm/s in the Experiment 3 and about 20 cm/
s in the Experiment 4.

Getting together the Experiments 2, 3, 4 and 5,
we see that the amplification of the steady wind
enhances the northward current and diminishes sou-
thward current near the western boundary.

Experiment 5: Southeast steady wind case

In this experiment, we consider a lower intensity
cyclone (U, =10 cmy/s) and a reversed steady wind
direction, southeast wind of 10 m/s (Woodruff et al.,
1987). A clockwise circulation with a steady north-
ward current near the western boundary is formed.
The approaching cyclone amplifies the northward
current up to 37 cm/s (Fig. 5). After the cyclone
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Fig. 5. Streamlines in Experiment 5:6=1500km, U,=6 m/s, maximum wind speed U, =40m/s, southeast steady
wind of 10 m/s. The cyclone track is in the middle of the domain, 0.5L,. The time is counted from the start of
calculations. The arrival time of the cyclone is the 59th day. (a:60th day; b:61st day; ¢:62nd day; d:63rd day; e:

65th day; f:70th day).

leaves the sea area, a southward current prevails (Fig.
5b, c). This current increases from 20 cm/s up to 42
cm/s (Fig. 5d, ¢) and maintains for 3.5 days.
Comparing with the Experiment 1, we see that the
northward current caused by the steady wind, retards
the southward current induced by the cyclone passage
and reduces its duration (Fig. 5f).

So, in case of cyclones moving over the Yellow

Sea the steady circulation is rather important, It
diminishes the dynamic response -of the sea to the
cyclones.

Experiments 6, 7, and 8: Three different cyclone
tracks

No steady wind is considered in these experi-
ments. They have three different cyclone tracks,
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Fig. 6. Streamlines in Experiment 6: ¢=1500 km, U, =6 m/s, maximum wind speed, U,,,=40 m/s no steady wind.
The cyclone track is 20 km inside the domain from the south boundary, 0.01 L,. The time is counted from the
start of calculations. The arrival time of the cyclone is the 58th day. (a:63rd day; b:65th day).
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Fig. 7. Streamlines in Experiment 7: ¢ =1500 km, U, =6 m/s, maximum wind speed U,,.,=40 m/s, no steady state. The
cyclone track is 200 km inside the domain from the north boundary, 0.9 L,. The time is counted from the start
of calculations. The arrival time of the cyclone is the 59th day. (a:63rd day; b:65th day).

eastward inside the domain. In the Experiment 6 the southern beundary (Fig. 6), and in the Experiment 7
cyclone crosses the sea in 2 days, 20 km from the the cyclone crosses it in a half day, 200 km from
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Fig. 8. Streamlines in Experiment 8: ¢=1500 km, U, =6 m/s, maximum wind speed U,..x=40 m/s, no steady wind. The
cyclone track is 400 km inside the domain from the south boundary, 0.2 L,. The time is counted from the start
of calculations. The arrival time of the cyclone is the 59th day. (a:63rd day; b:65th day).

the northern boundary (Fig. 7). In the Experiment 8,
the cyclone crosses the sea in 2.5 days, 400 km
from the southern boundary (Fig. 8).

The cyclone track influences the time when the
southward, or northward western boundary current
achieves the maximum value. In the Experiment 6 the
maximum speed of the southward current is larger, up
to 51 em/s (Fig. 6); the corresponding speed in the
Experiment 7 is about 30 cm/s (Fig. 7). The
maximum current speed has been achieved almost at
the same time in both experiments. The northward
currents are of the same order in all experiments: the
initial northward flow is about 13 cm/s; the repeated
northward current is about 5-8cm/s. In the
Experiment 8 the southward current is about 80 cmys,
much stronger than in the Experiments 6, 7 (Fig. 8).
This could be explained by the longer duration of the
cyclone propagation over the domain.

The point where the southward current achieves
its maximum, ‘maximum point changes its position
along the western boundary; it depends on the
Jatitude of the cyclone passage. The maximum point
is in 500 km (Experiment 6 and 8), 1100 km (Exper-

iment 7) from the southern boundary (Fig. 6-8). In the
Experiments 1 and 2 this point was observed in 800
km from the southern boundary, where the western
border has a significant cusp (Fig. 1). Thus, the ‘maxi-
mum point of the current speed depends on the
cyclone track and boundary shape.

Experiments 9 and 10: Two different transla-
tion speeds

The main purpose of these experiments is to
examine how a translation speed influences the res-
ponse of the flow field to a cyclone. The cyclone
translation speed of 6 m/s is a criterion for fast and
slow moving cyclone (Price, 1981). Here, we con-
sider two different translation speeds, 7.6 m/s and 3.
6 m/s. The cyclone track is along the latitude in 200
km from the northern boundary. The steady circu-
lation is formed by the northwesterly wind of 10 m/s.

In the Experiment 9 after the fast cyclone leaves
the sea area the counterclockwise circulation dom-
inates. Rather weak southward current is observed
in the northwestern part of the domain (Fig. 9b).
This current has a maximum speed (20 cm/s) in the
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Fig. 9. Streamlines in Experiment 9: ¢ =1000 km, U, =7.6 m/s, maximum wind speed U, =20 m/s, northwest steady
wind of 10 m/s. The cyclone track is 200 km inside the domain from the northern boundary, 0.9 L,. The time is
counted from the start of calculations. The arrival time of the cyclone is the 148th day. (a:147th day; b:149th
day; c:151st day; d:155th day).

next day after the cyclone leaves the sea area. The The translation speed in this Experiment 10 is
northward current in the southwestern part of the low, 3.6 m/s, the cyclone, therefore, influences the
domain exists all the time while the cyclone is over sea area for a longer time. The maximum southward

the sea (Fig. 9a, b, ¢ and d). current of 20 cm/s prevails for 3 days (Fig. 10a, b).
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Fig. 10. Streamlines in Experiment 10: 6=1000 km, U,=3.6 m/s, maximum wind speed, U,..=20m/s, northwest
steady wind of 10 m/s. The cyclone track is- 200 km inside the domain from the northern boundary, 0.01 L,.
The time is counted from the start of calculations. The arrival time of the cyclone is the 122nd day. (a:122nd
day; b:123rd day; c:128th day; d:135th day).

The northward current exists all the time while the We use a barotropic non-linear numerical model
cyclone influences the area (Fig. 10a, b, ¢ and d). to study the response of the Yellow Sea to cyclone
passage. The cyclone was approximated by the

SUMMARY AND CONCLUSIONS Gaussian function. We tested how the different cyc-
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lone parameters: the intensity, cyclone track, tran-
slation speed, and steady current, influence the
response of the currents in the Yellow Sea to the
cyclone passage.

1. Before a cyclone comes into the sea area there is
a slight increase of a northward current near the
western boundary of the sea, which shows a good
agreement with actual observations of sea levels.
Then, a southward current is induced by the cyclone
at its rear side. After that a new northward current is
generated once again, by the westward propagating
Rossby waves, which are induced by the cyclone
passage.

2. Steady currents modify the dynamic response of
the sea to a cyclone. It reduces the speed of the sou-
thward current, and enhances the northward current.

3. Strong wind in a cyclone amplifies southward
and northward currents, as well as the time of the
southward current retaining.

4. When a cyclone passes over the northern part
of the domain, it induces -northward current in the
southern part of the sea with significant clockwise
circulation. This current exists all the time during
the cyclone passage. The cyclone induces also a
southward current in the northern part of the sea.
The strength of the current and its existence time
depend on the cyclone translation speed.

5. In case of a fast cyclone with a larger translation
speed than 6 m/s, a southward current appears after
the cyclone leaves the domain; and in case of a slow
cyclone with less speed than 6 m/s a southward
current arises earlier, i.e., while the cyclone stays over
the domain. The translation speed influences the time
of existence of the southward current.
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